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Pulsed electrostatic gating combined with capacitive charge sensing is used to perform excited state spec-
troscopy of an electrically isolated double-quantum-dot system. The tunneling rate of a single charge moving
between the two dots is affected by the alignment of quantized energy levels; measured tunneling probabilities
thereby reveal spectral features. Two pulse sequences are investigated, one of which, termed latched detection,
allows measurement of a single tunneling event without repetition. Both provide excited-state spectroscopy
without electrical contact to the double-dot system.
(Received 12/31/03)
Electrically controllable discrete quantum states found in
quantum dot systems are highly efficient laboratories for the
study of quantum coherence [1], as well as a potential basis
for quantum computation [2]. Measuring the energy spec-
trum and dynamics in quantum dots necessarily involves
coupling to a macroscopic measurement apparatus, which in
turn may act to reduce coherence [3]. Excited state spectros-
copy of single [4] and double [5, 6] quantum dots has typi-
cally been performed using nonlinear transport, requiring
direct (dc) coupling of the device of interest to electron res-
ervoirs [6]. This coupling perturbs the quantum states and
may increase decoherence and heat the device, particularly
at the large biases needed for spectroscopy far from the
Fermi surface.
An alternative approach that we investigate in this Letter
is to use capacitive charge sensing [7, 8] combined with
pulsed gate voltages that provide an excitation window [9].
Charge sensing has recently been used to probe excited-state
spectra in a few-electron quantum dot configured to remain
coupled to one reservoir [10]. We investigate pulse/sense
spectroscopy in an electrically isolated double quantum dot,
where a single charge, moving between the two dots, is
used to probe excited states. Local charge sensing from a
quantum point contact (QPC) located near one of the dots
provides readout.
The pulse/sense method operates as follows: A reset pulse
on two gates simultaneously opens the coupling between the
dots and “tilts” the potential, putting the excess charge on a
selected dot (a micrograph of the device is shown in Fig.
1a). The reset pulse is then removed. With each dot sepa-
rately in its ground state, but the double dot system now out
of equilibrium, the excess charge is given a finite time to
tunnel to the other dot (the probe time). The probability of
tunneling depends sensitively on the alignment of ground
and excited state levels in the two dots. Whether or not the
charge tunnels during the probe time can be readily detected
using a QPC sensor, either during the probe time or after.
Two gate sequences are investigated. In the first, a short
reset pulse is followed by a relatively long probe interval
during which a low tunneling rate gives a moderate total
probability for tunneling.  By cycling the reset/probe steps,
the sensing QPC measures the average charge configuration,
dominated by the probe step. This allows fine energy reso-
lution, as the probe process is insensitive to both thermal
effects and experimental difficulties associated with short
pulses.
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FIG. 1:  (a) Scanning electron micrograph of a device identi-
cal in design to the one used in the experiment, consisting of a
double quantum dot with charge sensor on either side. High-
bandwidth coaxial lines are attached to gates 11 and 12; dc
lines to the other gates. Sensors were configured as quantum
point contacts by grounding gates 6, 7, 15, and 16.  (b) Left
sensor signal as a function of gate voltages V2 and V 1 reveal
hexagonal charge stability regions (one outlined with dashed
lines) when the double dot is tunnel-coupled to leads. Pre-
dominantly horizontal features indicate that the left sensor has
greater sensitivity to charge of left dot, controlled by V10. (c)
Sensing signal when the double dot is fully isolated from the
leads. The only transitions are those transferring one electron
between the two dots.  In all pulsed-gate/sense experiments
presented, the double dot is isolated (as in (c)) and V2 and V10
are swept simultaneously across the charge-transfer transitions
along a diagonal (solid white line). A background plane is
subtracted in (b) and (c) to compensate direct coupling be-
tween gates 2 and 10 to the charge sensor.
2The second gate sequence uses two pulses: the first pulse
resets the system, the second allows weak tunneling be-
tween dots. The second pulse is followed by an arbitrarily
long interval (microseconds to hours, in principle) when the
barrier between dots is closed, so that each dot is completely
isolated, with fixed charge. This sequence we term latched
detection, because the measurement occurs after all barrier
have been closed, i.e., the double-dot system is latched into
a final state, making all charge dynamics separated in time
from the measurement. If needed, the measurement circuit
could be turned off altogether during the probe pulse,
though here we make the measurement time much longer
than the probe time and measure weakly, so that the total
back-action of the measurement on the system during the
probe pulse is negligible. While we only apply latched de-
tection to the problem of excited-state spectroscopy, we
emphasize that its usefulness is much more general.
The device (Fig. 1(a)), defined by e-beam patterned Cr-
Au depletion gates on a GaAs/Al0.3Ga0.7As heterostructure
grown by MBE, comprises two tunnel-coupled quantum
dots of lithographic area 0.25µm2 each and two independ-
ent charge-sensing channels, one beside each of the central
dots. The two-dimensional electron gas lies 100nm below
the surface, with bulk density 2×1011cm-2 and mobility
2×105cm2/Vs. Each dot contains ~150 electrons and has a
single-particle level spacing ∆ ~100µeV (estimated from
effective device area) and charging energy Ec ~ 600-700
µeV. Measurements were carried out in a dilution refrig-
erator with base electron temperature of ~100mK. Left and
right sensor conductances gls and grs were measured using
lock-in amplifiers with 2 nA current biases at 137 and 187
Hz; the double-dot conductance gdd was measured using a
third lock-in amplifier with a 5 µV voltage bias at 87 Hz,
although during the pulse/sense measurements the double
dot was fully isolated and the gdd and grs circuits grounded.
Throughout the experiment, the charge sensors were config-
ured as QPCs by grounding gates 6, 7, 15, and 16, and were
well isolated from the double dot by strongly depleting
gates 5, 9, 13, and 1.
Figure 1(b) shows the left sensor signal as a function of
gate voltages V2 and V10 when the device was tunnel-
coupled to both source and drain leads. Here and in subse-
quent plots, a plane has been subtracted to level the central
plateau to compensate for capacitive coupling between the
gates and the sensor. In this regime, a honeycomb pattern
characteristic of double-dot transport [6] is seen as a set of
hexagonal plateaus in the left sensor conductance, with
horizontally oriented steps of ~ 3 × 10-3 e2/h corresponding
to changes in the number of electrons in the left dot, con-
trolled by V10, and smaller vertically oriented steps marking
changes in the right dot, controlled by V2. Steps at the short
segments at the upper left and lower right of each hexagon
reflect movement of an electron from one dot to the other,
with total number fixed. Resonant transport through the
double dot, gdd, in this weakly coupled regime occurs only at
the honeycomb vertices [8].
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FIG. 2 Single-pulse technique. Time-averaged conductance of
left sensor as a function of V2 along diagonal (see Fig. 1(c)) with
pulses applied. Inset: Pulses on gates 11 and 12 (applied in a linear
combination parameterized by VB and VE, controlling interdot bar-
rier and relative energy, see text), followed by a long interval dur-
ing which an electron may or may not tunnel. A linear fit to the left
plateau is subtracted. Right axis shows the average excess occupa-
tion 〈n〉 − Ν of the right dot. Points A through E mark features used
to infer the excited state spectrum, with schematic interpretations
shown below the graph.
As the double dot becomes more isolated from the leads
by making V2 and V10 more negative, the honeycomb sens-
ing pattern persists long after gdd has become immeasurably
small. However, upon isolating the double-dot system still
further, the landscape changes dramatically as the tunneling
time between the double dot and the leads diverges.  This is
the case in Fig. 1(c), where transitions appear in the sensor
signals as diagonal lines, corresponding to lines of constant
energy difference between the dots. An increase in gls corre-
sponds to an electron moving away from the left sensor, or
an increase in the number of electrons in the right dot.
Pulse/sense measurements were carried out in this isolated
configuration, with the energy difference between the dots
controlled by simultaneously varying V2 and V 10 along di-
agonals (shown, for example, by the white line in Fig. 1(c)),
and controlling the tunnel barrier between the dots with gate
voltage V3.
Fast control of the energy difference and barrier height
was achieved using two synchronized Agilent 33250 arbi-
trary waveform generators, with rise times of ~5 ns, con-
nected to gates 11 and 12 via semirigid coaxial lines and
low-temperature bias tees. To compensate the slight cross-
coupling of gates 11 and 12, the pulse generators produced
linear combinations of pulses, denoted VB (affecting the tun-
nel, mainly V11) and VE (affecting the energy difference,
mainly V12).
The single-pulse/probe sequence is shown schematically
in the inset of Fig. 2. Square pulses of length treset = 100 ns
are simultaneously applied to gates 11 and 12, once every
20 µs, with VB = 100 mV to open the tunnel barrier signifi-
cantly while the pulse energy shift VE is varied. The double-
3dot system will relax to its overall ground state during the
reset pulse as long as treset is much longer than the elastic and
inelastic tunneling times τel and τin while the tunnel barrier is
pulsed open, and is also longer than the energy relaxation
time within the dots. During the remaining 19.9 µs, the tun-
nel barrier is nearly closed, such that τel < tprobe < τin, and the
energy levels are returned to their values before the pulse.
Under these conditions, if elastic tunneling is allowed, the
electron will likely tunnel and then have ample time to relax
to its ground state. If elastic tunneling is forbidden, how-
ever, the electron will likely remain where it was put by the
reset pulse.
Figure 2 shows the sensing signal during a simultaneous
(“diagonal”, see Fig. 1c) sweep of V2 and V 10, with five
points (A to E) labeled to highlight key features. The data
were taken with VE negative, so that the reset pulse tilts the
ground state toward the left dot. At point A, the tilt of the
double dot during the probe state favors the excess charge
remaining in the left dot, and a flat sensing signal corre-
sponding to a time-averaged right-dot occupation 〈n〉 = N is
observed. At the opposite extreme (E), the energy shift dur-
ing both the reset and probe states favors the excess charge
occupying the right dot, which gives again a flat sensing
signal, now corresponding to 〈n〉 = N  + 1. At point B, the
ground states of the dots are degenerate during the probe
time (except for small tunnel splitting). This degeneracy
appears in the data as a small peak in right-dot occupation,
often barely visible above the noise, presumably because
tunneling in this case is reversible; the electron does not
relax once it enters the right dot, and so it is free to tunnel
back to the left dot. At point C there is a much larger peak.
Here either an excited state in the right dot aligns with the
ground state in the left or a hole excited state in the left dot
aligns with the ground state in the right. When the electron
tunnels the system will subsequently relax, trapping the
electron on the right dot. Finally at D, no excited states exist
to match the initial configuration and allow elastic tunnel-
ing, so there is a dip in the right-dot occupation.
Figure 3(a) shows the sensing signal measured throughout
the pulse/dc-energy-shift plane, with prominent diagonal
steps marking the ground state transitions during the reset
pulse, and fine bands extending horizontally from each step,
reflecting excited state transitions available during the probe
time. Figure 3(b) presents the same data differentiated with
respect to V2 and smoothed along both axes.  Here, steps in
the raw signal appear as positive ridges, and excited state
peaks become bipolar. Now the comparison with single-dot
transport spectroscopy is much more evident: The pulse VE
opens an energy window, and as the window expands new
excited states become energetically accessible and emerge
from the ground state feature. Features to the left (negative
VE) correspond to electron excited states of the right dot or
hole excited states of the left; features to the right mark
electron excited states of the left or hole excited states of the
right.
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Figure 3(c) shows slices of sensor conductance from Fig.
3(a) at three different VE pulse heights, illustrating the ex-
pansion of the energy window while the positions of the
emerging excited states remain fixed. The dashed curve
shows the transition measured with no pulses applied. From
the smooth, narrow shape of the no-pulse transition, and its
consistency from transition to transition, we conclude that
its width is dominated by temperature broadening [8]. As-
suming the electron temperature in the dot does not depend
significantly on the coupling to leads, we associate with this
broadening a temperature of ~100 mK (calibrated in the
tunneling regime [8]), which gives a lever arm δV2/δE  =
(10.5 ± 1)/e relating changes in V2 (along a diagonal with
V10) to changes in the energy of levels in the left dot relative
to the right. Taking the spacing between transitions to be the
sum of charging energies of the two dots, we find Ec = 700
± 70 µeV. The measured excited-state gate-voltage spacing
of ~ 0.75 mV gives an excited level spacing of ~70 µeV,
comparable to the ∆ ~ 100µeV estimate from dot area. The
slightly lower measured value may be evidence of the sen-
sitivity of the sensing signal to both electron and hole ex-
FIG. 3  (a) Left sensor conductance, and (b) its smoothed
derivative with respect to V2, as functions of V2 and VE. Hori-
zontal excited state lines emerge from a diagonal ground state
feature as the energy window VE is increased. Vertical stripes
in (a) result from drift of the sensor. (c) Slices of conductance
(as in Fig. 2) as a function of V2, averaged over different VE
ranges (see inset), offset vertically for clarity. Dashed curve
shows a transition measured with pulses off. (d,e) Sensor con-
ductance derivative as in (b) measured with the tunnel barrier
either more open (d) or more closed (e) such that the probe or
the reset configurations respectively dominate the measure-
ment. Color scales in (d) and (e) are the same as in (b).
4cited states, giving overlapping spectra. As the energy win-
dow is increased, excited-state-to-excited-state transitions
become available, further complicating the observed spec-
tra. This may explain the blurring observed for V2 > –872
mV in curve 3.
Figure 3(c) shows that the transitions from 〈n〉 = N to N +
1 for the pulse curves (solid) are clearly broader than for the
no-pulse curve (dashed). Broadening beyond temperature is
presumably due both to averaging traces with different VE as
well as effects of overshoot and settling of the pulse. How-
ever, because the probe time is long and insensitive to pulse
properties, the excited state peaks are not affected by these
sources of broadening. In principle, the excited state peaks
are also immune to thermal broadening, their widths limited
only by intrinsic decay rates, although all peaks shown here
exhibit full widths at half maximum of at least 3.5 kT (0.3
mV in this case), possibly due to gate noise in the charge
sensor.
Figures 3(d) and (e) repeat Fig. 3(b) but with different
values of tunnel-barrier gate voltage V3, illustrating the ef-
fects of opening or closing the tunnel barrier beyond the
regime of excited-state spectroscopy. Changing V3 affects
the tunnel barrier between dots both during and after the
pulse, although the system is most sensitive to the tunnel
rate during the probe time. Increasing tunneling by making
V3 less negative by 100 mV (Fig. 3d) yields single, hori-
zontal features in dg/dV2, as if no pulse were applied at all.
This implies that τin << tprobe so the system quickly finds its
ground state during the probe time regardless of relative
energy levels, making the pulse irrelevant to a time-
averaged measurement.  Reducing the tunneling rate by
making V3 more negative by 50 mV (Fig. 3e) results in di-
agonal features, indicating that dynamics during the pulse
dominate behavior. In the right half of this plot there is a
single transition, implying that the system finds its ground
state while the pulse is on, then the barrier is closed such
that τel, τin >> tprobe and no further tunneling is permitted.
On the left there are two diagonal features, implying that
an excited state is populated at the start of the reset pulse.
This effect is not understood at present, nor is it specific to
the too-closed-barrier regime; it is also seen occasionally in
conjunction with the understood horizontal excited state
features.
We now turn to the second pulse/sense method described
above, latched detection, which uses two pulses on each
gate as shown in Fig. 4(a). Figure 4(b) shows the derivative
of the sensor signal measured in this configuration as a
function of V2 and the VE probe pulse height, using treset =
tprobe = 20 ns and VB = 140 mV for the reset pulse and 90 mV
for the probe pulse. Here, because we vary the probe prop-
erties rather than the reset properties as in Fig. 3, excited
states appear as diagonal features and the reset ground state
is the horizontal feature. Excited states measured this way
do not have the same immunity to pulse shaping enjoyed by
excited states measured with the single-pulse method, and as
a result, the data in Fig. 4 are blurred relative to Fig. 3. This
diminished resolution is not fundamental, and can be re-
duced with more accurate pulse shaping.
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FIG. 4 (a) Two-pulse technique, shown schematically, in-
cluding a reset and a probe pulse, followed by an arbitrarily
long measurement time during which no tunneling is allowed.
(b) Conductance derivative with respect to V2, shows excited
states appearing now as diagonal lines because the probe VE is
being varied rather than the reset VE.
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